Experimental observation by high-resolution microwave dielectric spectroscopy of hydration properties of alkali halide ions, adenosine phosphate ions, and F-actin revealed the existence of hypermobile water (HMW) molecules around those solutes. To understand the molecular process of HMW, two theoretical approaches are reviewed here. One is based on a statistical mechanical approach to analyze the rotational freedom of water molecules around a charged particle. Another approach reports direct calculation of dielectric relaxation process of water molecules around an ion. Experimentally observed HMW molecules are theoretically explained with the significance of multi-correlations among an ion and water molecules.
Introduction
Some molecules and ions (solutes), when introduced into water, enforce the hydrogen-bonded network of neighboring water molecules that are thus restrained from thermal motions. The surrounding water molecules are less mobile than those in the bulk phase (so-called structure-making or positive hydration effect). Other solutes cause the opposite effect (so-called structure-breaking or negative hydration effect). Effects of alkali-halide ions on the structure and dynamics of the solvent water have been studied extensively [1] [2] [3] [4] [5] . The strengths of those ionic effects were ordered as Hofmeister series, which primarily indicated the order of sedimentation ability of salt ions for aqueous protein solutions. The series is related to an ability to structure a water-molecule assembly [6] . The viscosity B coefficient is often used as a measure of the water structuring effect: ions with positive B are classified as water-structure makers and ions with negative B are classified as water structure breakers [3, 7] .
Dielectric relaxation spectroscopy (DRS) has provided valuable information on the cooperative motion of water molecules surrounding dissolved ions. A DR study on the alkali chloride (ACl; A = Li, Rb, and Cs) aqueous solutions showed continuous decrease of DR time (τ r ) of the modified γ dispersion with increasing salt concentration [8] . Some of those modified γ dispersions of alkali-halide solutions were further analyzed using a series of Debye components in our high-resolution DRS study [9] , where volume fraction and DR property of the hydration water in an aqueous solution of salt at low concentration were analyzed by combining mixture theories [10, 11] and the Debye component analysis for the dielectric spectra in the frequency range of 0.2−26 GHz. Although dielectric mixture theories [10] [11] [12] had been constructed for the analyses of colloidal solutions or emulsions, such theories evaluate dielectric property of a spherical/ellipsoidal water region containing a solute, assuming that the continuous bulk-solvent phase exists and suspends solute particles [13] [14] [15] .
The rotational motion (RM) of water molecules near a sufficiently large nonpolar group (e.g., side chains of leucine and valine) is significantly restricted [16, 17] . Next to a charged group, water molecules are tightly restrained and their RM is restricted. For many globular proteins (e.g., myoglobin), only the water molecules with slower mobility are observed [18, 19] . These findings are quite consistent with the computer simulation results [14, 17, [20] [21] [22] . Around F-actin [14] , however, there are water molecules that have significantly faster rotational mobility than those in the bulk as well as those with slower rotational mobility. Based on the results of careful analyses, the authors deduced that the water molecules with slower rotational mobility are primarily those in contact with the F-actin surface while the water molecules with faster rotational mobility are more outside. The water molecules with considerably faster mobility are referred to as "hypermobile" water (HMW) molecules. In this paper, experimental and theoretical studies on HMW molecules are reviewed and summarized.
Experimental observation Sodium and potassium halides
Aqueous solutions of NaX, KX (X: F, Cl, Br, I, c < 0.1 M) were analyzed with high-resolution microwave dielectric spectroscopy in the frequency range of 0.2−26 GHz at 10 °C [9, 23] . The dielectric spectra of electrolyte solutions were decomposed into two types of relaxation modes besides γ dispersion of pure water (with DR frequency f w = 12.6 GHz) and contribution from ionic conduction, by assuming the existence of continuous pure water phase expressed as ε ε ε = −
f Type-1 relaxation mode of solute-1, such as solute covered with a water layers, with volume fraction ϕ in the solution was expressed as δ ε ε α ε ε
where the constant ε q1∞ and ε w∞ are ε ∞ ′ q1 ( ) and ε ∞ ′ w ( ), respectively. α is an adjustable parameter expressing the fraction of bulk water component. Type-2 relaxation mode caused by solute-2, such as an ionic cloud region including water molecules, with volume fraction φ 2 in the solution is expressed as
Type-1 mode was detected using a mixture theory such as by Wagner [10] in the frequency range 3-26 GHz and fitted with eq. 1 using m = 2: two Debye functions with fast DR frequency f 1 ( > f w ) and slow DR frequency f 2 ( < f w ).
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, for NaX and KX are found to be almost irrespective of X and close to the pure water level ( Fig. 1 and Table 1 ). Therefore, the authors assigned components -1 and -2 of type-1 mode to the responses from the water modified by ions, and denoted them "hypermobile water" and "restrained (or constrained) water" (not rigidly bound to ion), respectively. Component-2 was detected only for AF (A: Na, K).
Type-2 mode (f 3 , δ 3 ) was detected in the range of 0.2-3 GHz and assigned as the response from ionic cloud fluctuation or partly ion-pair reorientation. The resulting limiting-molar conductivities of NaX and KX are in good agreement with the literature data measured at much lower frequencies on the basis of the RobinsonStokes equation [5] . These facts indicate that there are an ionic conduction term and one type-2 relaxation mode, presumably existing ionic cloud fluctuation, with relaxation frequency of ~0.2 GHz in the frequency range DC-1 GHz in the tested alkali-halide solutions. The reported number of HMW molecules increases from 9 to 26 for NaX and from 9 to 37 for KX with increasing anion size from F to I for c = 0.05 M as shown in Table 2 .
Except for the fluorides, the modified water by salt ions exhibits only Debye component-1 other than γ dispersion, indicating the existence of a water-ions collective hypermobile mode in each solution in the 3-26 GHz region in a finite region of a few nanometers in diameter (Fig. 1) . Note that the existence of rigidly bound water molecules on ions was not excluded. Table 1 Dielectric relaxation parameters of alkali-halide solutions.
NaF 22.1 ± 1.9 11.7 ± 2.8 10.3 ± 1.1 13 ± 1.9 61.8 ± 0.17 6.32 ± 0.07 0.12 ± 0.02 19.6 ± 0.3 NaCl 19.6 ± 0.7 22.1 ± 3.5 --60.2 ± 0.17 7.85 ± 0.10 0.17 ± 0.06 14.9 ± 3.5 NaBr 18.8 ± 0.3 27.9 ± 1.3 --61.1 ± 0.17 7.85 ± 0.09 0.15 ± 0.01 24 ± 1.2 NaI 18.6 ± 0.3 33.7 ± 1.9 --60.4 ± 0.17 7.97 ± 0.09 0.18 ± 0.02 14.8 ± 1.0 KF 22.4 ± 1.6 11.6 ± 1. 
Phosphates and adenine nucleotides
Adenosine triphosphate (ATP) is the principal energy carrier in living cells. Its hydrolysis into adenosine diphosphate (ADP) and inorganic phosphate (orthophosphate, Pi) is accompanied by a large negative change of the Gibbs energy at physiological pH. This is also the case for some other phosphate esters.
Owing to this energetic feature, these phosphates are referred to as energy-rich phosphates [24] . Experimental and theoretical studies on the role of hydration process in ATP hydrolysis reactions showed the importance of hydration processes of the reactants and products of the reaction [25] [26] [27] . Hydration properties of Pi and adenine nucleotides in aqueous solutions at pH ~8 were reported based on the high-resolution microwave DRS at 20 °C [28] .
The dielectric spectra were analyzed using a mixture theory combined with a least-squares Debye decomposition method. Solutions of Pi and adenine nucleotides exhibited very similar dielectric properties. The dielectric spectra of a solute covered with water layers were described by two Debye components. One component was characterized by a relaxation frequency (f 1 ~19 GHz, corresponding relaxation time τ r = 8.4 ps) higher than that of bulk water (f w = 17 GHz, τ r = 9.4 ps). The other component had a lower relaxation frequency (f 2 ~7 GHz, τ r = 23 ps). Because the sum of dispersion amplitudes of these two components was almost equal to that of pure water for each solute, these components were assigned as relaxation process of modified water by solute ions, then referred to as hypermobile water and restrained water, respectively (Fig. 2) . By contrast, a hydration shell of only the latter type was detected for adenosine. A significant finding is that in aqueous phase the hydration states of adenine nucleotide sodium salts are very similar to those of sodium phosphates of same valence. This study indicates that phosphoryl groups affect the structure of water molecules surrounding adenine nucleotides by forming a restrained water layer and an additional layer of HMW as imaged in Fig. 3 . 
Actin filament
Protein/water interactions are key to biological functions, among which those at the protein surface have the greatest relevance to stability, dynamics, and functions of proteins [29] . The hydration state of actin filament (F-actin), a muscle motor protein, was studied using high-resolution microwave DRS to measure the rotational response (DR frequency) of water hydrating proteins and the volume of hydration shells. The results indicate that F-actin exhibits the existence of restrained water shell (f 1 > f w ) and hypermobile water shell (f 2 < f w ) [14] . Thus, apart from the water molecules with slowered rotational response that make up a typical hydration shell, there are other water molecules around the F-actin which have a much faster response than that of bulk water. The volume fraction of HMW is roughly equal to that of the restrained water, which is close to the molecular volume of G-actin in size. The dielectric spectra of aqueous solution of urea suggest that urea induces the hypermobile state of water [14] . The molecular surface of actin is rich in negative charges, which along with its filamentous structure provides a structural basis for the induction of a hypermobile state of water. The volume of this water component (HMW) was reportedly increased when the myosin motor-domain (S1, myosin subfragment-1) binds to F-actin [30] . The hydration states of myosin S1, F-actin, and S1-bound F-actin are compared in Fig. 4 [31] . No hypermobile component was found in the hydration shell of S1 itself as well as many other globular proteins [32, 33] except for G-actin [14, 31] and horse heart cytochrome c [15] . The results suggest that the solvent space around S1 bound to F-actin is asymmetric in water-mobility. This fact could be related to the force the generation process of actomyosin motor system [14, 34] .
Theoretical approach Molecular dynamics study on DR process in salt solutions
Kubota et al. [35] carried out molecular dynamics (MD) simulations to investigate the DR properties of water molecules around ions. The solvent space around a solute ion was divided into multiple shells as shown in the ion-water radial distribution curve of Fig. 5 .
On the basis of linear response theory, the nonequilibrium relaxation of polarization ∆ ( , ) z P r t by past electric field E z (s)(s: -∞ to 0) shifted from the equilibrium polarization at E z = 0 was calculated using the time-correlation function of equilibrium polarization fluctuations in the solvent space at E z = 0. In the report, the nonequilibrium polarization shift of shell 1 was calculated after the external field of constant intensity E z for t < 0 vanished, and denoted as β [ ] ( ), Fig. 4 Hydration states of myosin S1, F-actin, and S1-bound F-actin [33] . 
Statistical mechanical approach for HMW
Kinoshita et al. [36, 37] developed a statistical mechanical method to investigate the rotational freedom (RF) of water molecules around a charged particle including an ion to a globular protein molecule. The rotational entropy S R of hydration water molecules of a spherical solute was analyzed in terms of pair-correlation and multi-correlation using the angle-dependent integral equation theory combined with the multipolar model for water. This analysis revealed that (1) when a sufficiently large nonpolar solute is inserted into water, RF of water molecules near the solute is significantly restricted; (2) when the solute has a moderate surface charge density (SCD), in the region adjacent to the solute and in the region within which the solute-water surface separations are close to the molecular diameter of water, RF of water molecules becomes considerably higher than in the bulk; (3) as the SCD increases, these regions shift slightly more outside with further enhancement of the RF; and (4) for high SCD, the water molecules in contact with the solute turn largely restrained. The appearance of water molecules with anomalously high RF is remarkable for a large solute with high SCD. The great advantage of adopting the angle-dependent integral equation theory is that the solute-water orientational correlations were explicitly taken into account and the hydration thermodynamic quantities can be decomposed into two contributions to the quantities from the solute-water translational correlations and from the solute-water orientational correlations, respectively. First, the hydration free energy is decomposed into the translational and rotational contributions. The rotational contribution on the hydration free energy is denoted by μ R . The rotational contribution to the hydration entropy (HE), S R , is then obtained via the temperature derivative of μ R .
Nonpolar solute effect on the rotational entropy of hydration water molecules
With increasing temperature from 273 to 373 K, the rotational entropy of solvation S R (which is the sum of S R,pair from pair-correlations and S R,multi from multi-correlations among water molecules) of a nonpolar solute inserted into water is reportedly varied from -1. 2 . The decreasing tendency is caused from S R,pair , while S R,multi is positive and tends to increase from 0 to 0.2 k B A with increasing charge. Surprisingly, the rotational entropy density s R (r), which is measured from the bulk level per unit volume, becomes positive in the regions adjacent to solute and apart from the direct contact by about one water layer (r-d US ~ d S ). Positive s R (r) means that the RF of water molecules in the region is higher than that of bulk water.
For a monatomic ion like I -, using d U /d S = 1.44, s R (r) becomes positive again in the regions adjacent to solute and apart from the direct contact by about one water layer. Such water region of positive rotational entropy density implies higher rotational mobility of water molecules than the bulk water.
The effect of ionic size on S R was also reported. S R values are -34 k B A for F -, and -12 k B A for I -. The ionic size effect of halides on SR is mainly caused by S R,pair , while S R,multi is positive and almost constant ~+14 k B A.
It should be noted here that in the hydration entropy of a charged particle the contribution from translational entropy is much larger than that from rotational entropy, therefore, the total hydration entropy is actually always negative according to Kinoshita [36] .
Summary
Experimental observation of hydration properties of alkali-halide ions, phosphate ions, and F-actin revealed the existence of HMW molecules around those solutes. To understand the molecular-scale physical chemistry of HMW, two theoretical approaches were conducted and reviewed here. One was based on a statistical mechanical approach to analyze the rotational freedom of water molecules around a charged particle. Another approach reported direct calculation of dielectric relaxation processes of water molecules around an ion. The former theory revealed that around a large solute particle with high surface-charge density, a higher rotational-entropy-density region (higher RF region) than bulk water should appear adjacent to the solute surface. The latter approach revealed that faster dielectric relaxation response than bulk water should appear in a few layers of water around an ion caused by cross-correlation terms among water dipoles. Thus, HMW molecules are theoretically explained with significance of multibody interactions among an ion and water molecules. Further studies on the feature of HMW may produce a new aspect in physical chemistry and biological chemistry such as colloid science and drug design fields.
